Upper mantle anisotropy beneath Germany is investigated through the measurements and analysis of shear-wave splitting using SKS phases. We analysed teleseismic events recorded by 24 broadband stations of the German Regional Seismic Network (GRSN) and three broadband stations of the Gräfenberg-Array (GRF). These permanent German networks cover an area extending from the Alps in the south up to the Northern German basin towards north. In comparison to several former studies that are based either on short observation periods or that are restricted to limited areas of Germany, we resort to 22 yr of the GRSN (1991GRSN ( -2012 and 34 yr of GRF data archive . Due to the huge amount of data, we applied a fully automatic procedure to determine SKS splitting parameters from archived recordings and also applied strong quality constraints to obtain reliable solutions. From our analysis, two main features are obvious: For the stations in the middle and southern part of Germany we found homogeneous E-W to ENE-WSW fast-axis directions. In contrast, stations in NE-Germany exhibit a NW-SE oriented fast axis. Both findings can be correlated to major tectonic features in Central Europe. The E-W to ENE-WSW orientations in the middle and southern part of Germany are nearly parallel to the strike of the Variscan mountain belts, whereas the NW-SE direction in NE-Germany corresponds to the orientation of the nearby Tornquist-Teisseyre suture zone. For the southern part of Germany, there are indications for an alignment of the fast axis parallel to the curvature of the nearby Alps. Apart from the more large-scale features there are two stations (BFO and CLZ) which seem to have an imprint related to the regional geodynamic setting, namely the rifting in the Southern Rhine Graben and the formation of the Harz Mountains, respectively. We conclude that the observed regional variations of splitting parameter over Germany advocate for a mostly lithospheric route of the anisotropy. Furthermore, variations of the splitting parameters with respect to the azimuths of the incoming waves, as observed at some stations, point to vertical varying anisotropy. For some stations (BFO, RUE) the inversions for two anisotropic layers revealed directions of the fast axes that are similar to the strike directions of the surrounding tectonic units. For other stations, the confidence regions are too large for a tectonic interpretation.
I N T RO D U C T I O N
Seismic anisotropy is a characteristic feature of the upper mantle. Indications come from different analysis techniques each of them using distinct wave types as for example from the azimuthal variation of Pn-velocities, surface waves or from the analysis of long-period P-wave polarization. However, the most prominent and mostly used technique is the analysis of shear-wave splitting of SKS waves (e.g. Silver & Savage 1994; Vinnik et al. 1994; Silver 1996) . In the last 25 yr analysis of split SKS waves has become a routine and powerful tool to investigate mantle anisotropy (for a review see, e.g. Savage (1999) and the SKS splitting parameter database, http://www.gm.univ-montp2.fr/splitting/DB/, Wüstefeld et al. 2009 ).
The SKS wave, which is originally polarized in the vertical plane built by the source-receiver geometry when leaving the core-mantle boundary is split on its way through any anisotropic material in the mantle. The time shift between the split waves is determined by the degree of anisotropy and the thickness of the anisotropic layer. In continental regions it is usually in the order of 1 to 3 s and thereby relatively small compared to the 5 to 20 s periods of SKS waves. It is thought that the observed splitting of SKS phases is mainly caused by the preferred alignment of orthorhombic olivine single crystals in the upper mantle.
The apparent interrelation between seismic anisotropy and deformation processes constitutes the importance of the investigation of seismic anisotropy. Seismic anisotropy puts strong constraints on recent and former geodynamic processes in the Earth's mantle. It is assumed that in the asthenosphere seismic anisotropy relates to mantle deformation and flow and thereby reflects recent geodynamic processes. In the lithosphere, seismic anisotropy is assigned to the most recent lithospheric deformation and therefore denoted as a so-called fossil anisotropy (Silver & Chan 1988; Savage 1999) . Fossil anisotropy in the lithosphere is aligned parallel to geological structures such as the strike of mountain belts. Due to the nearly vertical penetration of the mantle SKS is very suitable to resolve lateral variations of anisotropy. Several studies deal with more complex models of anisotropic variations such as two-layer anisotropy (e.g. Silver & Savage 1994; Brechner et al. 1998; Barruol & Ismail 2001; Díaz et al. 2006; Snyder & Bruneton 2007; Li et al. 2010) or general depth-dependent anisotropy (e.g. Rümpker & Silver 1998) .
In this study, we investigate the upper mantle anisotropy beneath Germany by shear wave splitting measurements of teleseismic SKS phases. Similar studies have been performed for Germany during the last two decades. They differ to the present study in two ways: either they were focused on distinct regional parts of Germany and were based on data from temporary stations (e.g. Walker et al. 2005; Kummerow & Kind 2006) or they were applied for the whole of Germany, but based on relatively small data sets from early recordings of the permanent networks (e.g. Vinnik et al. 1994; Brechner et al. 1998) . Here, we use the complete data archive of the permanent German networks of more than 20 yr and also include more stations than in the previous studies.
The GRSN network covers three major tectonic units: from north to south, these are the North German Basin, the Variscides and the Alps. The aim of our studies is to resolve whether the upper mantle anisotropy is varying over Germany and whether the individual tectonic units leave their imprint.
In the following (Section 2), we present the data selection procedure and introduce a newly developed program package for the fully automated determination of SKS splitting parameters. Section 3 is dedicated to the results of the SKS splitting analysis. Subsequently, in Section 4, the splitting parameters at some stations are interpreted in terms of two anisotropic layers and the results are discussed with respect to the geodynamic setting and are compared to former SKS studies in the region and to the findings of other investigations of anisotropy beneath the network. Concluding remarks are given in Section 5.
DATA A N D M E T H O D

Data
The SKS waveforms used in this study were recorded by two permanent German seismic networks, the German Regional Seismic Network (GRSN) and the Gräfenberg-Array (GRF). Both are equipped with three-component broadband seismometers, the GRSN mostly with STS2 and Quanterra Q330 digitizers and the GRF with STS1 and Reftek in the early years and updated with STS2 and Reftek DAS130-01 since 2005 onwards. Whereas the GRF-array, situated in the Franconian Jura, covers only a small, roughly N-S oriented, region of 50 × 100 km, the GRSN is distributed over the whole of Germany from the Alps in the south to the Baltic and North Sea in the north (Fig. 1) . A list of the station locations is provided in Table 1 .
The epicentral distance most suitable for the observation of undisturbed SKS phases ranges from 85
• to 130
• . For the time interval under consideration (1979 -2012 for GRF and 1991 -2012 there exist a huge number of potential SKS-events. Fig. 2 shows epicentres of 6953 events with magnitudes equal or greater 5.5 in the specified distance range (ISC or PDE catalogue, respectively) . It is well known from several investigations that only a small portion of the potential SKS events are suitable for a successful recovery of the splitting parameters (e.g. Barruol & Ismail 2001) . This may be due either to a low to moderate SKS radiation coefficient at the source, to low signal-to-noise ratio, complex signals or to structural propagation effects.
The ADORE method
To handle the large number of SKS events and stations, we developed an automatic procedure instead of the time consuming manual analysis usually applied to data. This new method, called ADORE (automated determination of shear-wave splitting parameters for regional seismic networks), achieves a fully automated data gathering for SKS birefringence parameters for Germany and surrounding areas. In contrast to the adoption of Teanby et al. 's method (2004) by Evans et al. (2006) there's no need to identify suitable events manually.
Downloaded from https://academic.oup.com/gji/article-abstract/196/2/1207/2874191 by guest on 11 March 2019 Table 1 . Station locations and mean splitting parameters (given by the median) with the corresponding upper and lower quartiles. For stations with less than four observations the mean splitting parameters are given without error bars. The number of splits and the number of nulls is tabulated. The ADORE approach is divided into two major parts: First there is the detection of the SKS phase. Catalogue data from Harvard or other sources is scanned for events that possibly generate an SKS-phase at the GRSN. The constraints used therein are distance between 85 and 130 degrees and a body wave magnitude greater than 5.5. The theoretical onset time of the SKS phase is calculated using the IASPEI91 model (Kennett 1995) . Then, the determination of the true SKS onset is performed by a frequency-wave-number analysis (FK) at six selected stations of the GRSN-array (BSEG, MOX, TNS, BFO, FUR, RUE) which searches for SKS-energy on the radial component around the predicted slowness and arrival time. The data are filtered to match a KIRNOS simulation response and rotated into RT-system. By applying a moving time-window, we calculate a characteristic function E that assimilates the results of the FK analysis: E = mq Q + mr P r + ma P a + mra P r P a ,
where P r is the relative power, P a the absolute power and Q the semblance. The weighting factors mq, mr, ma and mqra were determined empirically at the SZGRF Gräfenberg array (mq = 0.005, mr = 3.0, ma = 0.3, mra = 1.0 and mqra = 0.0). A possible phase onset is detected if all of the three following criteria are matched:
where S is the slowness.
An example that demonstrates the detection of the SKS onset by the FK-analysis is shown in Fig. 3 for an earthquake from Southern Bolivia. Afterwards the selected SKS-onset is checked against concurrent phases like S and ScS. If any of them might have an influence of the SKS phase, the event is rejected automatically.
Using this approach the number of events decreases dramatically: Between 1979 and 2012, 6953 events occurred in the proper distance and magnitude range, but only for 522 events a prominent SKS onset Figure 3 . Detection of the SKS-onset by examination of distinct parameters of the applied FK-analysis. From top to bottom: characteristic function E, slowness, baz, absolute power P a , relative power P r and semblance Q. The position of the found SKS-onset is highlighted by the gray bar. The example relates to an earthquake in Southern Bolivia recorded at station FUR.
could be detected at any of the GRF's or GRSN's stations using the FK-analysis.
The second major step of ADORE is the calculation of the apparent splitting parameters fast polarization direction and delay time. We used the well-established method of minimizing the transverse component by Silver & Chan (1991) as algorithm for determination in single data windows.
Once an event is found a moving window of 70 s length and a shifting step of 1 s is chosen around the determined SKS onset with various window lengths between 7 and 20 s in steps of 1 s. The procedure is repeated for three distinct bandpass filters (corner frequencies: 2-10, 5-20, 10-50 s). For each individual window the inversion for the two splitting parameters ( and δt) is performed. This brute-force approach generates around 2400 intermediate results per station-event-combination. In order to determine the optimal position and length of the subwindow and so to select the 'best' splitting parameters we inferred a characteristic function which takes into account the quality of the particle motion linearization, the variation of the fast polarization direction and the stability of the backazimuth by covariant analyses of the data.
In order to achieve our results, we make use of the standard deviation of these three parameters for the subwindows at a specific time step. An example for this processing scheme is given in Fig. 4 for the event mentioned above and station FUR in the period range from 5 to 20 s. The parameters in Fig. 4 are as follows:
(1) waveform rotated into RT-orientation, (2) fast polarization direction (axis), (3) delay time (lag), (4) particle motion after inversion (motion), (5) diff #4 to backazimuth from data by covariant analysis (motion-bazd), (6) linearity after inversion (rotindex), (7) difference between theoretical baz and baz from data (bazdbazt), (8) input parameters for characteristic function (standard deviation).
The relevant parameters are fast polarization direction (2), linearity (6) and baz (7). Each graph of Fig. 4 represents all subwindow lengths from 7 to 20 s (colour coded). Graph number 8 exhibits the values of the standard deviations mentioned above. Then, the best window is selected by intersecting all elements that fulfill
at position w-standard deviation of FPD and baz is lower than 5 degrees-with all elements that fulfill
at the same position w-standard deviation of linearity is lower than 0.05. If both groups EA and EB overlap by at least 50 per cent in a sequence, the best window is identified. The rate of overlap also defines a quality criterion. By design the delay time is not part of the selection process in order to identify null splitting too. Null values are indicated by a very high delay time (>4 s) by the chosen inversion algorithm. After the optimal window is chosen, the signal-noise ratio can be determined. Values lower than 3 will lead to a rejection of the event-station-combination. Furthermore, the full set of intermediate results allows an error estimation by bootstrap analysis.
The brute-force calculation takes a lot of time especially when analysing multiple period ranges and large data sets. So ADORE is using multicore architectures on single hosts and parallelization across the local computer network. ADORE is programmed in python and C, multihost processing is driven by the twisted framework. It uses seismic handler for seismic calculations and waveform handling. The advantage of ADORE is that it is fully automated, that it detects energetic SKS phases and does not require any visual inspection of the seismograms or any previous SKS phase picking as in other programs (e.g. Evans et al. 2006) .
The application of the ADORE program to the 6953 potential SKS events from the time span between 1979 and 2012 finally yields 258 events for which splitting parameters can be obtained (Fig. 2) . On average data of 13 stations were available for every event. So, over 3350 waveform had to be analysed. We conducted the calculations in four frequency bands, so that the total number of work exceeds 13.400. Advantageous to ADORE is the included quality control as well as reproducibility of the analysis. We think that a manual approach will not cover these features.
As can be seen from Fig. 2 
R E S U LT S
In this section, we present estimated splitting parameters for the individual stations. All stations (with exception of the island station HLG) exhibit considerable shear wave splitting. Altogether, 522 splitting measurements of highest quality (i.e. low value of the misfit function) were obtained from the application of ADORE (Table A1, individual results in Appendix A). However, the number of obtained splitting parameter pairs varies between 2 and 74 at individual stations. On the one hand this is related to differences in individual operation periods, another reason is the variable noise condition of a station. Stations in the north of Germany revealed only up to 10 individual splitting pairs. Signal-to-noise conditions are relatively low here due to the thick sedimentary cover and higher microseismic noise. Signal-to-noise conditions improve considerably towards the south and east. Stations are mostly located on hard rock there and for some of them we obtained more than 40 individual splitting pairs (BRG, GRA1, WET). Only a few of the hard rock stations with long operation period, namely BFO, CLL and CLZ, show few splitting pairs, an effect which is probably related to the relative angle between the predominant backazimuths of the events and the local orientation of the fast axis at the distinct site (see Section 4 for further investigation).
Furthermore, there is a sizable amount of events (see Table 1 , next to last column) with energetic SKS on the radial component and no SKS energy on the transverse, so-called 'null'-measurements. This occurs if either the medium is isotropic or the backazimuth of the incoming wave is parallel or perpendicular to the azimuth of the fast axis of the anisotropic layer. In the latter case 'null'-measurements provide strong constraints on the direction of the fast axis. In order to distinguish between 'real' null-measurements and those for which the transverse SKS component is smaller than the average noise level we only analyse events with a signal-to-noise ratio above 8 on the radial component. For most of the stations several 'nulls' are identified. In most cases, the backazimuths of the null measurements agree with the direction of the fast axes at the different stations. There exists a relatively large number of null measurements for station BFO and CLZ. This fits to the observation of a relatively low number of splitting observations for these stations which at first glance is astonishing since they are situated on favourable bedrock conditions and have long operation periods.
Assuming that anisotropy may vary, splitting measurements for a single event yield effective splitting parameters, which comprise the superposition of the effects of all penetrated anisotropic layers. However, for a first analysis of the results we consider only one homogenous anisotropic layer with a horizontal symmetry axis. Under this assumption, all individual splitting parameters at one station can be averaged, since dependencies on backazimuth and frequency can be excluded a priori. Fig. 6 shows the area under investigation together with the averaged splitting parameters. In order to minimize the influence of outliers we averaged the values by showing the median of the splitting parameters at each station with more than four pairs of splitting parameters. The blue fans denote the error bars, which are given by the upper and lower quartiles. For stations with less than four observations the individual splitting parameters are shown in Fig. 6 . The quartiles of the delay times can be found in Table 1 .
The following characteristics can be distinguished in Fig. 6 : With the exception of the island station RGN, stations in the NE of Germany show a roughly NW-SE direction of the fast axis. These are stations BSEG, HAM, BRNL and RUE. In contrast, RGN exhibits a nearly perpendicular fast axis along NNE-SSW. Delay times range from 1.1 to 2.1 s. For stations in the middle and southern part of Germany E-W to ENE-WSW directions of the fast axis are prevailing. Thereby, the directions are relatively similar to the strike of the Variscan parts like the Moldanubian, Saxothuringian and the Rhenohercynian. Most of corresponding delay times vary between 1.0 and 1.5 s (IBBN, BUG, WLF, TNS, GRB1, GRC1, WET, GEC2). Some other station, especially in the east of Germany (MOX, GUNZ, TANN and GRA1) show higher delay times ranging from 1.6 to 2.2 s. The fast axes at station CLZ and BFO are strongly deviating from the general E-W to ENE-WSW trend in the middle and southern part of Germany which are characterized by a NNW-SSE and a NNE-SSW direction, respectively.
In summary, the fast axes yield a relatively consistent picture of the upper mantle anisotropy beneath Germany. Neighbouring stations mostly show similar results. The most pronounced difference in the fast-axis direction is found for stations in the northeast of Germany and stations in middle and south Germany. Furthermore, two single locations, namely BFO and CLZ, exhibit significantly different directions than neighbouring stations.
D I S C U S S I O N
Changes of anisotropy with backazimuth can be originated by vertical variations in anisotropy, dipping layer or complex symmetry systems. To further analyse the observed variations of splitting parameters at individual stations we focus here on the possibility of vertical variations in anisotropy. Furthermore, we relate our findings to tectonic structures and compare our results with previous studies.
Interpretation in terms of two anisotropic layers
For vertically varying anisotropy splitting parameters exhibit a characteristic 90
• periodicity as functions of backazimuth (e.g. Silver & Savage 1994; Rümpker & Silver 1998). The individual splitting parameters for selected stations are shown in Fig. 7 as functions of backazimuth of the events (for all stations see Appendix B1-B4). Some of the stations exhibit variations of the splitting parameters that can not be explained by a single anisotropic layer with hexagonal symmetry and horizontal symmetry axis. Therefore, we tried to fit the backazimuthal variations of our splitting measurements with the simplest case of vertically varying anisotropy, an anisotropic two-layer model.
To identify the best fitting two-layer model, we performed a grid search over the four model parameters: the direction of the fastaxis 1 in the lower layer, for 2 in upper layer and for δt 1 and δt 2 in the lower and upper layer, respectively. Fast axes are varied in steps of 5
• from 0 • to 180
• and delay times in steps of 0.1 s from 0.3 to 2.5 s. For each combination of these four parameters (536.544 models) effective splitting parameters were calculated and compared to the observations by calculation of the following misfit function M:
where N is the number of observed events for the distinct station, obs and δt obs are the measured and eff and δt eff are the analytically calculated effective splitting parameters. For each term, a normalization is done: 180
• for the fast polarization direction and 3 s for the delay time. Also, we applied a weighting factor of 2 for the fast polarization direction in order to reflect its better resolution.
The best fitting model was found by minimizing the misfit M over all tested models. However, there are three cases where the best-fitting two-layer model can be regarded as an one-layer model:
(1) The differences in the orientations of the fast axes differ by not more than 10
• . In this case, the two delay times add up to the single delay time of the effective one-layer model.
(2) The orientations of the fast axes of both layers are mutually perpendicular (at least 80
• difference). Then, the effective delay time is given by the difference between the individual delay times of the two layers and the resulting fast axis is that of the layer with the larger delay time.
(3) The delay time of one layer is close to zero such that its contribution to the effective splitting parameters can be neglected.
We performed the analysis for those stations with a database of more than 10 observations which was fulfilled for 16 stations. The results of the inversion for a two-layer model as well as our classification with respect to a one-or two-layer model are given in Table 2 . For the majority of the stations (10 out of 16), namely GRB1, GRC1, BRG, BUG, CLL, GEC2, MOX, STU, WET and WLF, a one-layer model is preferred. For six stations, we found two-layer models that yield a significantly better fit to the observed splitting values. This applies to station GRA1, BFO, FUR, RUE, TANN and UBBA. For these stations, the improvement in the fit is given by a variance reduction between 56 and 70 per cent (depending on the station) in comparison to the best fitting one-layer model. Exemplary, this is shown in Figs 8(a)-(c). Fig. 8 (a) that relates to station GRC1 depicts the typical characteristics of the misfit function for a one-layer model: the global minimum exhibits almost the same values for the fast axes in both layers and the confidence regions are relatively small. In this example, the one-layer model has a fast polarization direction of N85
• E and the splitting times of 'upper' and 'lower' layer add up to 1.3 s. There exist other stations for which the directions of the fast axes are mutually perpendicular (not shown here) which are also classified as one-layer cases. Two examples of a preferred two-layer model are shown in Figs 8(b) and (c) for station FUR and GRA1, respectively. For station FUR, the best fitting model has a fast polarization direction of N70
• E in the lower layer and a direction of N45
• E in the upper layer, in each case the delay time is 0.6 s. The best fitting model for station GRA1 (Fig. 8c) is characterized by an upper anisotropic layer with a fast-axis 2 of N80
• E and a delay time δt 2 of 1.7 s and a lower anisotropic layer with a fast-axis 1 of N155
• E and a delay time δt 1 of 1.2 s.
However, it is obvious from Fig. 8 (b) for station FUR and even more from Fig. 8 (c) for GRA1 that there exist considerable large uncertainties for the orientations of the fast axes as well as for the delay times indicating that there exist alternative models which also satisfy the observed data in an acceptable manner. In further steps, we have analysed the confidence regions in a statistical way. Following the work by Li et al. (2010,) we counted the parameters of all models with misfits less than 5 per cent higher than the misfit of the best model and built histograms for the individual splitting parameters of lower and upper layer. However, with this approach the coupling between the parameters of the two layers is lost. Consequently, we counted the parameters in the confidence region by considering fixed couples of φ 1 /φ 2 (regardless of the delay times) of upper and lower layer, respectively. The results are shown in Figs 9(a) and (b) for station GRA1 and FUR, respectively. The region of frequent models for station GRA1 looks similar to the confidence regions in Fig. 6(c) , the most frequent value has a fast axis of the upper layer of 1 = 80
• and of the lower layer of 2 = 155
• and is thereby nearly the same as the absolute best model in Fig. 6(c) . However, this is not necessarily the case for some stations, as for example FUR (Fig. 9b) , the most frequent model deviates from the absolute best one.
The inversions show that at some stations a two-layer model provides a significantly better fit to the observed splitting parameter. However, not for all of these stations an unequivocal determination of the splitting parameters could be achieved due to large uncertainties. Despite large uncertainty in the absolute values of the symmetry axes of the lower and upper layers, there seems to be a better resolution of their relative orientations (see GRA1). It is well known Downloaded from https://academic.oup.com/gji/article-abstract/196/2/1207/2874191 by guest on 11 March 2019 Table 2 . Results of the inversion for a two-layer model and classification with respect to a one-or two-layer model. For stations with two-layers the improvement in the fit is given by the variance reduction in comparison to the best fitting one-layer model. from previous studies of SKS phases that a two-layer anisotropic model can hardly be determined from apparent splitting parameters alone, especially when the azimuthally coverage is poor. In such cases, the inversion for two-anisotropic layers is often ambiguous. Nevertheless, the approach is still meaningful in order to exclude distinct parameter ranges or models, respectively. Furthermore, the attempts to interpret the results in terms of two layers also provide further support for the one-layer models.
To get additional constraints on the variety of models for the twolayer stations, we compare our results to those obtained from the analysis of receiver functions. Eckhardt & Rabbel (2011) have derived anisotropy patterns of the crust for four stations of the GRSN (BFO, BSEG, GRA1 and MOX) by analysing azimuthal P-receiver functions. These models consist of up to five distinct anisotropic layers partially with thicknesses of only 1 to 2 km. Due to their longer periods SKS phases are not influenced by such thin layers. Therefore, we integrated the anisotropy of the individual layers of the receiver functions to derive an averaged anisotropic model for the crust (MOX: 1 = 60
• , δt 1 = 0.28 s; BSEG: 1 = 30
• , δt 1 = 0.14 s; GRA1: 1 = 90
• , δt 1 = 0.31 s). BFO was not incorporated in our considerations, since its crustal anisotropy is negligible. Under the assumption that the SKS phase is sensitive to crustal anisotropy, we fix the upper layer in the two-layer inversion to the crustal anisotropy and then derive the direction of the fast axis in the lower layer (in the mantle). For station GRA1 the procedure results in a fast polarization direction of 90
• for the lower layer. Together with the fast axis of 85
• in the upper layer, this effectively represents a one-layer model, since the directions of the fast axes differ by only about 5
• . Different conditions show up for station MOX. The original inversion for a two-layer model on the basis of the splitting values of the SKS phases prefers a one-layer model with a fast polarization direction of around 75
• to 80
• . However, crustal anisotropy from receiver function analysis revealed a fast axis of about 60
• . Stimulated by the approach of integrating crustal anisotropy from receiver function analysis we performed synthetic tests in order to investigate how far the SKS phase is really influenced by an anisotropic crust. In a synthetic test, we used a sinusoidal wavelet with a dominant frequency of 10 s and let it penetrate to the twolayer model built by a lower layer with a fast axis of 90
• and a fast axis of 60
• in the upper layer, both simulating the findings from SKS and receiver function analysis, respectively (here, exemplary for the results of station MOX). This was done for varying azimuths from 0
• to 180
• in steps of 5
• . Subsequently, the synthetic waveforms of the radial and transverse component were inverted for the effective splitting parameters which were then used in the grid search algorithm to obtain the corresponding two-layer model. The results were not encouraging: for this example three minima were found. Only one model corresponds to the original input model. Further calculations with the same approach but with 10 per cent noise added onto the input wavelets yield preferred models in which directions and delay times of the upper layer deviate significantly from the input model. The results of the synthetic tests with regard to the incorporation of results from receiver functions can be summarized as follows:
(i) The resolution of an anisotropic crustal layer with a delay time of around 0.3 s by waveform inversion in the SKS period range between 5 and 20 s is successful only under best conditions. For real (noisy) data and restricted azimuthal coverage, a recovery of anisotropic crustal parameters is not possible.
(ii) In case, the SKS splitting analysis has revealed a one-layer model, it can not be ruled out, that there exists an anisotropic layer in the uppermost part of the ray path either with the same direction of the fast axis of the revealed one-layer or with a deviating direction.
(iii) In case, the SKS splitting analysis has revealed a two-layer model and the direction of the upper layer differs from the results of a receiver function analysis two possibilities have to be considered: (1) As demonstrated before the inversion for two layers often yield larger confidence regions. If one can select a model out of the confidence range which satisfies the results from the receiver functions it is on par with the best model. (2) a three-layer model has to be taken into consideration that from experience can not be resolved only by the analysis of SKS phases and receiver functions in realistic scenarios.
As shown previously (e.g. Silver & Savage 1994; Rümpker et al. 1999 ) an anisotropic two-layer model yields apparent splitting parameters which are frequency dependent. We tried to resolve the predicted frequency dependence by comparing the results of our splitting analysis for different frequency bands at the six stations mentioned above. However, we do not obtain any systematic variation of the splitting parameters with respect to the frequency ranges considered. Differences were mostly negligible, for example significantly smaller than the error bars for the individual splitting measurements. A further handicap for the detection of a frequency dependency is the fact that theoretically the strongest variations should occur close to null directions which inherently are directions with small to negligible SKS energy on the transverse component and therefore difficult to detect in real data.
Comparison to previous SKS-splitting studies
As mentioned in Section I, several studies of SKS phases for stations in Germany had been already performed during the last decades. A comparison of our results with those from some of the previous studies is given in Fig. 10 . Therein, the results of Silver & Chan (1991) are based on station GRA1 of the Gräfenberg-Array and results from Vinnik et al. (1992 Vinnik et al. ( , 1994 are related to the early recordings from the beginning of the GRSN. A slightly extended data set of the GRSN from the years 1991 to 1996 was investigated by Brechner et al. (1998) . SKS splitting parameters for some of the GRSN stations incorporated in temporary experiments are from Wylegalla et al. (1999) (TOR-1 experiment), from Kummerow & Kind (2006) (TRANSALP experiment), from Walker et al. (2005) and from Plomerová et al. (2012) . As an extension to the southwest, we have also incorporated the results from Barruol et al. (2011) for some selected stations in Switzerland. Fig. 10 shows that for the majority of stations (e.g. FUR, BUG, BRNL, GRA1) the results of the present study are in good agreement to those of the previous studies. However, for a few stations there are differences in the fast axes of up to 20
• to 30
• (TNS, WET). The strongest variation in the direction of the fast axes with up to 90
• is found for stations CLZ and BFO. However, when looking in detail in the studies of Vinnik et al. and Wylegalla et al. it is obvious that their values for • and 170
• . Thereby, the results of Brechner et al. are in relatively good agreement with the median of 163
• of our analyses for CLZ. Nevertheless, the observations at CLZ are surprising and still remain a puzzle. This relates to the large number of null measurements, to only a few splitting pairs and a fast-axis direction which is clearly distinct from the neighbouring stations. The reason of the abnormal behaviour might be related to the peculiar tectonic setting of the Harz Mountains which might lead to a combination of a special anisotropic signature and pronounced lateral structural heterogeneities. A similar situation holds for station BFO. Despite excellent noise conditions at BFO only a small number of splitting values could be derived. As for CLZ, there are a considerable number of null measurements. The 15 splitting pairs from our analysis for BFO suggest a two-layer model with a fast axis of 170
• in the upper layer and 60
• in lower layer. Thereby, our quantitative results are in good agreement to predictions in the studies of Vinnik et al. and Brechner et al. which both advocate for a two-layer anisotropic model for BFO. However, on the basis of their small number of splits they were not able to infer a two-layer model.
With regard to the inversion for two-layers, we partially revealed similar results as in Brechner et al. (1998) . Station GRA1, FUR and BFO are also classified as two-layer stations as they are in Brechner et al. Differences exist for example for GRC1 for which Brechner et al. revealed a two-layer model instead of a one-layer model in our study. For station GRA1 Brechner et al. found a fast axis of N40
• E in the upper layer and N115
• E in the lower layer. Thereby, the absolute values are different from our model ( upp = N80
• E and low = N155 • E). However, the angle between both axes is similar (75
• ) and the confidence regions are nearly identical in both studies. The best fitting model for station GRA1 revealed by the inversion of our study has a fast axis of N80
• E in the upper layer, which is close to the Variscan direction and a fast axis of N155
• E of the lower layer which might reflect the strike of the western rim of the nearby Bohemian Massif.
We assume that in general our results are more reliable, since our findings are based on a considerable larger data set, where we had the ability to resort only to the events with the best signal-to-noise ratio. Even with the extended data sets there still exist difficulties to unambiguously resolve an anisotropic two-layer case. Besides the problem of bad azimuthal coverage mentioned above, the possibility of lateral heterogeneities and/or lateral varying anisotropy (e.g. Plomerová et al. 2006 ) may mask the effective splitting parameters assumed for a pure two-layer model and make it even more difficult to resolve the anisotropic conditions in the mantle.
Geodynamic implications
SKS phases have a bad depth resolution due to their nearly vertical ray path. Consequently, it is not possible to directly relate observed splitting to a distinct depth interval, for example to the crust, the lithosphere, the asthenosphere or even deeper parts of the mantle. In order to put constraints on the depths of the anisotropy observed in this study and to interpret the splitting parameters in a tectonic context we compare our results to findings of studies of Pn phases, of receiver functions, and to absolute plate motion (APM; Fig. 11 ).
However, one first key in this puzzle is provided by the dimension of the delay times. For all stations beneath Germany, we found delay times greater than 1 s. Since it is generally assumed that crustal anisotropy generates delay times only up to 0.4 s (e.g. Barruol & Mainprice 1993) , we conclude that the sources of the observed SKS splitting is mainly located in the mantle below the crust.
Analysis of Pn phases of local and regional phases were made by Song et al. (2004) and Díaz et al. (2013) which both revealed similar patterns for the anisotropy in the uppermost mantle. For most parts of Southern Germany they revealed a predominantly constant direction of the fast axis (in the uppermost mantle) of around 20
• . Thereby, they confirm the results of several previous studies in which the analysis of Pn phases derived a fast axis in-between 20
• and 50
• (Bamford 1977; Fuchs 1983; Plenefisch et al. 1994; Enderle et al. 1996) . With the exception of station BFO the fast polarization directions of our SKS analysis do not agree with the general Pn direction of 20
• . To our opinion, these deviations in the directions of the fast axes of Pn and SKS analysis could be related to their different depth extend of propagation: Pn phases are propagating horizontally to subhorizontally in the crust-mantle boundary and the uppermost mantle, respectively. In contrast, SKS phases are nearly vertically penetrating through mantle and crust with wavelengths considerably larger than the depth extent of the shallow crust-mantle transition zone seen by Pn phases. For the western part of Germany (the area of the GRSN stations TNS, WLF, GSH, BUG, IBBN and UBBA) the fast axes derived from Pn are oriented more or less in E-W direction with an azimuth of around 80
• . This is in accordance to the fast axes of the SKS analysis for the GRSN station mentioned above indicating the possible existence of a constant direction of anisotropy from the uppermost mantle into the mantle below. Due to the sparse ray coverage from local and regional earthquakes in the northern parts of Germany it is not possible to infer reliable directions of the fast Pn-axis in that area, therefore a comparison with the results from SKS is not possible.
One reason for a preferred orientation of anisotropic minerals in the mantle is the APM (e.g. Bormann et al. 1996) . In the nineties, Montag et al. (1995) determined a APM direction of 50
• to 60
• for Central Europe. Most recent data from the Jet Propulsion Laboratory revealed an APM of around 50
• for Germany and Northern Austria with a plate velocity of 25 mm a −1 (Heflin 2011). The measured APM values at their individual stations are plotted in Fig. 11 together with the results from the SKS analysis of our studies. Two characteristics are obvious: First, the directions of the APM are more homogenous over Germany than those of SKS and secondly, Downloaded from https://academic.oup.com/gji/article-abstract/196/2/1207/2874191 by guest on 11 March 2019 the directions from both disciplines differ for most areas, for some areas strongly. As can be seen from Heflin et al. the directions of plate motion for their stations vary between 48
• and 53
• all over Germany and velocities are ranging between 23 and 26 mm a −1 . The area with the laterally most stable directions of SKS is the middle of Germany. There, the direction of the fast axis is E-W to ENE-WSW, with variations up to 20
• (see Table 1 : from CLL = 74
• to GUNZ = 94 • ). Thereby, the variations of 20
• from SKS are considerably larger than those of the APM of around 5
• . The second difference belongs to the absolute directions itself: Whereas the mean direction of plate motion is 50
• , the fast-axis direction of SKS in the middle of Germany is around 80
• . These differences indicate that the observed SKS anisotropy should mostly be located in the lithosphere and not in the asthenosphere. If the anisotropy would be evoked by mantle flow in the asthenosphere the directions and the pattern of the fast SKS axes should be much more similar to those found in the APM. That we do not see an imprint of the asthenospheric flow in the middle of Germany might have its reason in the relative slow velocity of the APM in Central Europe. Bokelmann & Silver (2002) and Mainprice et al. (2005) show that only in case of fast plate motion and low viscosity of the mantle there is a considerable formation of anisotropy in the asthenosphere.
Orogenies have substantial influence on the thickness of the lithosphere as well as on their anisotropy. Often, fast axes of the anisotropic mantle material are oriented according to the strike of the mountain belts. In previous studies, correlations between the strike of the Variscan mountain belt and the fast polarization directions of SKS have been found for stations of the GRSN (e.g. Brechner et al. 1998) as well as for temporary stations in SEGermany (Plenefisch et al. 2001) . In the present study, we confirm these findings: for stations in the middle of Germany we derive fast axis between 74
• and 94
• . We conclude that these directions are predominantly formed by the Variscan orogeny due to their similarity to the strike of the mountain belts (60
• to 80 • ). However, for the stations in Northern Germany (BSEG, BRNL, RUE) the directions of the fast axes substantially differ from the Variscan part. In Northern to Northeast Germany, the fast axes show a NW-SE direction, they are nearly parallel to the strike of the nearby Tornquist-Teisseyre transform fault which marks the frontier to the Baltic shield being characterized by a thick crust (e.g. Geissler et al. 2008 ) and thick mantle as had been derived from tomographic studies (e.g. Koulakov et al. 2009 ). The observation of the NW-SE oriented fast axes could be explained either by an asthenospheric barrier flow in the asthenosphere still influencing the behaviour in the north-eastern part of the GRSN or by fossil anisotropy in the lithosphere due deformation as result of the collision of the younger and older European lithosphere. Interestingly, the two-layer model for station RUE shows a variscan-like direction of the fast axis 85
• for the lower layer and a 'Tornquist-Teisseyre' like direction of 160
• in the upper layer. This finding still remains a puzzle to us, since we would expect to find the 'Tornquist-Teisseyre' like direction in the lower layer in case of a barrier flow. However, RUE is not too close to the Tornquist-Teisseyre transform fault, that possibly the Variscan has the main imprint, the influence of the TornquistTeisseyre transform fault is negligible and another layer is situated on the very top. Up to now we are not able to clarify the situation at station RUE. Unfortunately there are also no further stations in the surroundings.
For the two stations in Southern Germany, STU (70 • ) and FUR (70
• in the lower layer), there might be indications for an alignment of the fast axis parallel to the curvature of the nearby Alps. Barruol et al. (2011) • ) is close together, it can hardly be distinguished which of both tectonic features is evoking the observed splitting. Furthermore, the transition zone between Alps and Variscan belt is of special interest, since Barruol et al. favour a sublithospheric mantle flow as the source of the observed anisotropy in the Western Alps whereas in the present study we prefer a lithospheric source for the anisotropy in the Variscan belt.
Local peculiarities are found for station BFO and CLZ. For station BFO, a two-layer model is preferred with a fast axis of 170
• and a relatively small delay time of 0.6 s in the upper layer and 60
• and a delay time of 1.4 s in the lower layer. Whereas the lower layer is compatible with the strike direction of the Variscides the upper layer might reflect the local influence of the Rhine Graben which is striking approximately N-S. This might be plausible, several studies depict the possibility that crystals align parallel to the strike of rifts (e.g. Gao et al. 1997; Hammond et al. 2010) . We suspect that this is a frozen anisotropy in a layer build by the crust and the uppermost mantle which is not influencing the anisotropic behaviour in the deeper lithosphere and in the asthenosphere. This might be supported by the work of Kirschner et al. (2011) who do not found a major modification of the lower lithosphere or asthenosphere related to mantle anomalies below the Upper Rhine Graben. The N-S direction of the fast axis found at station CLZ is different to the strike of the Variscides as well as to the NW-SE direction in the north-eastern part of Germany. It seems to be a locally isolated anisotropic feature which from our point of view is related the special tectonics of the Harz mountains, which according to most recent studies is partially younger than the Variscan orogeny (Zech et al. 2010) . The strong differences between directions at CLZ to the neighbouring stations (NRDL, UBBA, IBBN see Fig. 6 ) also advocate for a lithospheric root of the observed anisotropy at CLZ.
C O N C L U S I O N S
In this paper, we present an updated view of the upper mantle seismic anisotropy beneath Germany. More than 20 yr of data recorded by the two permanent broadband seismic networks GRSN and GRF were systematically analysed to investigate anisotropic structures of the upper mantle by the birefringence of teleseismic SKS phases. Due to the large amount of data resulting from the long operation periods and numerous stations a fully automatic procedure for the determination of the splitting parameters was developed and applied to the data set.
For all stations, considerable seismic anisotropy was detected with delay times ranging between 1.0 and 2.2 s. The large delay times clearly advocate for a mantle origin of the observed anisotropy.
In general, the inferred directions of the fast axis of the upper mantle show a relatively coherent image. Two main areas are observed: First, for stations in the middle and southern part of Germany we found a relatively homogeneous E-W to ENE-WSW direction of the fast axis of the anisotropic mantle material. Different from that, stations in NE-Germany exhibit a NW-SE oriented fast axis. Both findings can be correlated to major tectonic features in Central Europe. The E-W to ENE-WSW direction in the middle and southern part of Germany is more or less parallel to the strike of the Variscan mountain belts, whereas the NW-SE direction in NE-Germany has a striking similarity with the orientation of the nearby Tornquist-Teisseyre line. For the southern part of Germany there are indications for an alignment of the fast axis parallel to the curvature of the nearby Alps.
The resolved feature of distinct provinces with different directions of the fast axis, namely E-W to ENE-WSW in the middle and southern part of Germany and NW-SE in NE-Germany, does not fit to the direction of the APM which according to most recent studies exhibits a homogeneous direction of around N50E. The apparent similarity of the fast axes of shear-wave splitting with the strike of prominent tectonic provinces let us advocate for a predominantly lithospheric origin of the observed anisotropy. Furthermore, this is supported by some local isolated anisotropic features, as found for stations CLZ and BFO, which can be attributed to lithospheric features and which should not show up such prominently in case of an asthenospheric origin of anisotropy.
For six stations, the inversions for a two-layered anisotropy revealed a significantly better fit to the observed data than for a onelayer model. For station RUE in Northern Germany and for station BFO in SW-Germany there are some similarities with local tectonic features: For station BFO a two-layer model is preferred with a fast axis of 170
• in the lower layer. Whereas the lower layer of 60
• is compatible with the strike direction of the Variscides the upper layer of 170
• might reflect the local influence of the approximately N-S striking Rhine Graben. The two-layer model for station RUE shows a variscan-like direction of the fast axis 85
• in the upper layer. This finding still remains a puzzle for us, since we would rather expect to find the 'Tornquist-Teisseyre' like direction in the lower layer. Since there are no further stations in the surroundings, we hope to gain more information on the local situation with new stations in future projects.
For some stations, interpretations of the two-layer models still remain difficult due to large uncertainties. This holds for example for station GRA1, the one with the second most available splitting parameters, which shows large uncertainties for the fast axes. The best fitting model for station GRA1 revealed by the inversion has a fast axis of N80
We incorporated crustal anisotropy obtained from receiver functions analysis as further constraints into the inversion for two-layer models. However, synthetic tests showed that anisotropic crustal layers with delay time of around 0.3 s could not be successfully recovered by waveform inversion in the SKS period range between 5 and 20 s especially when assuming real (noisy) data.
Due to the long ranging data archives, we used a great number of seismic events to investigate mantle anisotropy beneath Germany. This enables us to infer the large-scale features and to interpret them with respect to tectonics. However, when going into more detail as for example when trying to resolve more complex models, such as a two-layer model, an unequivocal resolution is often not possible. This is mostly related to the fact that only small backazimuthal ranges are covered by the occurring earthquakes even if data from an extensive time span of more than 20 yr is available. We think that in future more efforts are required to fill some of the existing backazimuthal gaps. Beam forming techniques either on source or receiver side should be used to work on earthquakes from rare azimuths, even if they have not strong magnitudes. Furthermore, denser networks are needed to better map the transition zones of individual provinces and to better characterise regions of island-like anisotropy as we found them for example at station CLZ in the Harz mountains.
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